Optical-field ionization (OFI) has recently been considered as a mechanism for the production of cold electrons that could drive a recombination-pumped x-ray laser [1] .For example, laser systems have been proposed in plasmas of aluminum [2] , carbon [2] , and neon [3] . Experimentally , gain has been reported in a lithium system [4] .A common feature of these systems is that they require electron-ion recombination to occur on a time scale that is short compared to the natural lifetime of the laser transition, thus requiring a plasma with high electron density n, and cold-electron temperature T, .
High-intensity, ultrashort-pulse lasers ionize atoms in a regime where the resulting free-electron energies can be predicted by a quasi-static-field, tunneling-ionization model discussed by Corkum and others [1, 5, 6] . Under such conditions, sequential OFI results in multiply charged ions and a multiply peaked electron energy distribution. The strong dependence on electron energy of the three-body, electron-ion recombination cross section makes the successful, high-gain operation of a recombination-pumped laser dependent on the presence of low-energy electrons [7 -9] . OFI of weakly bound electrons yields such electrons; however, higherenergy electrons, generated by ionization of more tightly bound electrons, limit laser gain in two ways. First, highenergy electrons inhibit the cascade of the excited-state population to the upper laser level and, second, these electrons collisionally heat colder electrons.
Nagata et al. [4] recently reported gain at 13.5 nm on the Lyman-a transition of Li +. In this experiment, Li metal was ablated from a solid target using a relatively lowintensity laser pulse. The resulting plasma plume was then irradiated by a high-intensity, short-pulse laser, which generated Li + (see Fig. 1 of Ref. [4] for the experimental setup).
Subsequent recombination of Li + with cold electrons was proposed as the pumping mechanism of the laser transition.
In this Rapid Communication we examine dynamics in the Li system.
The fully ionized Li plasma will initially contain three distinguishable electron distributions: one "cold" and two "hot. " Using a measurement of the time-integrated slope of the radiation continuum, the cold-electron distribution was estimated to have a temperature on the order of 1 eV [4] .
This temperature is either the residual electron energy fol- [2] .
Experiments in Li [4, 11] have been carried out in a regime of n, and T"where cooling of the plasma filament will be determined by free-streaming electrons [2] We first consider the effect of the OFI electrons on gain that can be achieved on the Ly-n transition. Figure 1 shows the calculated peak gain for T,(cold) =1 eV as a function of T,(OFI) for a variety of ion densities, n;,". We assume for simplicity that both OFI electrons have the same temperature and vary this T,(OFI) from 1 to 100 keV. The initial total electron density n, is determined by (i) charge neutrality (thus n, = XZ;n', , "where Z; is the ion charge and n';, " is the ion density of charge state i), (ii) the assumption that -, of the total n, is represented by the T,(cold), and (iii) the requirement that the gain of the system be observable ()10 cm '). This required gain value is set by the length of the pumped medium as determined by the maximum confocal parameter of currently available short-pulse lasers focused to the power density required to fully ionize Li (typically~1 cm) [4, 11] . These conditions strongly suggest that the ion densities used in this analysis be higher than those reported in Ref. [4] . In Fig. 1 we have bracketed the parameter space of interest in the Li system.
Three regions of interest can be discerned in Fig. 1 : the relatively high gain regions at the lowest and highest OFI electron temperatures and a region of lower gain near temperatures of 100 eV. The three-body electron-ion recombination rate (for a single electron distribution) summed over all levels is given by [9] 1.8X10 Z' sl n(An) R three-body ( sec ) T tures therefore generate a high peak value of gain. High values of T,(OFI) also result in relatively large gain, since the OFI electrons essentially decouple from the system; at high temperatures the cross sections for electron-ion collisions that deplete upper laser state populations decrease (such depletion mechanisms are discussed below). For fixed ion density the reduction in gain from the low T,(OFI) case to the high T,(OFI) case results solely from the reduction in the effective cold-electron density. It should be noted that peak gain does not scale linearly with n, (cold) because the recombination rate depends nonlinearly on this density.
In the region of T,(OFI) of approximately 100 eV the OFI electrons will reduce three-body recombination (compared to colder temperatures). Additionally, they retard the collisional cascade of population to n = 2, since in this range of T,(OFI), intralevel collisions tend to establish a distribution within the entire manifold of excited Li + states; in the steady state, this distribution would become a Boltzmann distribution characterized by T,(OFI). Thus gain is reduced as compared with the case of colder or hotter OFI electrons. T,(OFI) and neglecting additional heating effects discussed below, we conclude that ion densities of greater than 10 crn will be required for gain in this system. Other considerations will become important at these electron densities; for example, ionization defocusing of the pump-laser pulse limits the length of the generated plasma [13] .
Gain in recombination-pumped systems decreases sharply with increasing T, . This gain reduction can only be compensated by increasing the ion density in order to maintain fast recombination and collisional deexcitation. The dependence of gain on T, in the Li system is illustrated in Fig. 2 Spitzer [14] gives the electron-electron equilibration time, t, q, between two distributions described by temperatures and Eq. (2) [15] .To demonstrate convincingly that even under this scenario high gain will not persist, we do not limit ourselves to therrnalization arguments. We will now show that even if no intradistribution cross relaxation exists (therefore assuming that the cold-electron distribution does not heat), gain in the Li system is much smaller than previously predicted. Electron heating in recombination-pumped laser systems also results from electron-ion collisional processes. Energy conservation requires that three-body recombination and the subsequent collisional cascade of electrons through bound states result in heating of the residual free electrons. We calculate the effects of such heating in the Li system using a time-dependent kinetics calculation to track the evolution of the population of the Li + energy levels. We assume that Li + is generated solely through three-body recombination and that population transfer between levels is purely collisional (except for decay on the Ly-u transition, which we assume to be radiative) [8, 9] . The time history of the cold, free-electron bath temperature T,(t) is given by Fig. 3(b) .
In Fig. 4 we show the time history of the low-energy free-electron temperature, and the population of Li + ions normalized to the initial, total ion density. At early times, electron heating is dominated by the three-body recombination process, consistent with the rapid increase in Li + population. This recombination heating causes the temperature of the low-energy electrons to double in less than 100 fs and, additionally, recombination to decrease dramatically, due to the T, dependence of the recombination rate. Following initial recombination heating, collisional deexcitation of ions begins to dominate electron heating. Because the electron temperature rises extremely rapidly, gain is insensitive to the actual initial cold-electron temperature; even with the coldest initial temperatures, heating processes rapidly bring the electron bath to several eV. This heating results in an inability to produce high gain in the Li system when it is operated at low ion density ((10' cm ).
In conclusion, we Gnd that collisional processes due to OFI generated electrons, electron energy equilibration within a doubly peaked distribution, and collisional heating of lowenergy electrons play important roles in limiting the gain of the Li recombination-pumped x-ray laser system. The results also imply that the Li system must be studied under higher density conditions than previously considered.
